34. Primary murine embryonic fibroblasts were generated from Bax ϩ/Ϫ ;Bak ϩ/Ϫ or Bax ϩ/Ϫ ;Bak Ϫ/Ϫ timed matings at 13.5 days after conception. Primary MEFs were immortalized by transfection with a plasmid containing SV40 genomic DNA. Primary MEFs were plated in six-well plates and were transfected with 1 g of total DNA using Fugene (Roche) according to the manufacturer's instructions. Stable immortalized clones were generated through serial dilution. 35. Cells were fixed in 3% paraformaldehyde and permeabilized in 1% bovine serum albumin and 0.1% Triton X-100. Cells were sequentially incubated with primary antibody to cytochrome c (clone 6H2.B4, Pharmingen) and Cy3-conjugated goat secondary antibody to mouse ( Jackson Immunoresearch Laboratories) and Hoechst 33258 (Molecular Probes) and then mounted under a cover slip with N-propyl gallate.
Images were acquired with a SPOT camera (Diagnostics) mounted on Nikon Eclipse E600 with PlanFluor objectives or Olympus IX50 microscopes. 36. We thank E. Smith for figure and manuscript preparation, B. Avery and S. Wade for animal husbandry, C. Gramm for technical assistance, C. Beard for assistance with retrovirus, P. Allosteric Control of RNA Polymerase by a Site That Contacts Nascent RNA Hairpins Innokenti Toulokhonov,* † Irina Artsimovitch,* Robert Landick ‡ DNA, RNA, and regulatory molecules control gene expression through interactions with RNA polymerase (RNAP). We show that a short ␣ helix at the tip of the flaplike domain that covers the RNA exit channel of RNAP contacts a nascent RNA stem-loop structure (hairpin) that inhibits transcription, and that this flap-tip helix is required for activity of the regulatory protein NusA. Protein-RNA cross-linking, molecular modeling, and effects of alterations in RNAP and RNA all suggest that a tripartite interaction of RNAP, NusA, and the hairpin inhibits nucleotide addition in the active site, which is located 65 angstroms away. These findings favor an allosteric model for regulation of transcript elongation.
Evolutionarily conserved, multisubunit RNAPs transcribe genes into RNAs in all known organisms. A universal feature of these RNAPs is a regulated conversion from an initiating form that holds the RNA weakly, to an elongating form that holds RNA tightly during RNA synthesis, and then back to a terminating form that releases RNA. The molecular basis of this switch is unknown. However, conservation from bacteria to humans of RNAP's core subunit composition (␤Ј␤␣ 2 in bacteria), amino acid sequences, three-dimensional structure, and contacts to DNA and RNA suggest that the switch will be similar for all multisubunit RNAPs (1-3).
A nascent RNA hairpin can terminate transcription by bacterial RNAP if the hairpin includes the 3 to 5 nucleotides (nt) usually found in the RNA exit channel and disrupts at least 1 base pair (bp) of the ϳ8-bp nascent RNA: template DNA hybrid that is present in stable transcription elongation complexes (TECs) (4) (5) (6) (7) . Similar RNA hairpins can also pause, rather than terminate, transcription when they form more upstream but near the RNA:DNA hybrid, rather than invade it. Both hairpin-dependent pausing and termination can be enhanced by the universal bacterial protein NusA (8, 9) . Two models can explain hairpin effects on transcription (3, 7, (10) (11) (12) (13) (14) (15) . In the rigid-body model, a pause or terminator hairpin begins forming when only its loop and upper stem have emerged from the exit channel, and then pulls RNA through the channel and away from the active site to avoid steric clash with a rigid RNAP as the lower stem pairs. This partially unwinds the RNA:DNA hybrid and moves RNAP forward without nucleotide addition [the hybrid is wedged against the upstream edge of the active-site cleft in a TEC; see fig. 4A in (3)]. In the allosteric model, once the hairpin starts to form, it instead triggers a conformational change in RNAP that inhibits nucleotide addition in the active site and reduces affinity for product RNA, without necessarily moving the intervening RNA.
To test the rigid-body versus allosteric models, we examined a pause hairpin that inhibits nucleotide addition by a factor of 10 to 20 at the Escherichia coli his pause site (16) . The pause hairpin loop substituted with 5-iodoU photocrosslinks strongly to RNAP's ␤-subunit flap domain between residues 903 and 952, causing an unusual retardation of ␤ during SDS-polyacrylamide gel electrophoresis (SDS-PAGE) relative to RNA-␤ cross-links in nonpaused TECs (17) . This cross-link also occurs with a 5-iodoU-substituted tetraloop pause hairpin (Fig. 1) , which pauses equivalently to wild-type (8) and whose structure is known (18) , or when 4-thioU is used in place of 5-iodoU (19) . 5-IodoU, but not 4-thioU, preferentially cross-links to Phe, Tyr, Trp, Met, and His residues (20) , which are found between ␤903-952 only at F906 and F934 (Fig. 1B) . F906 is the likely target of hairpin-loop cross-linking because the strong, shifted-␤ band disappeared when we used a ␤F906A, but not a ␤F934A, mutant RNAP ( Fig. 1C) (21) . To confirm this, we established that (i) 5-iodoU or 4-thioU in the hairpin loop cross-linked between trypsin cleavage at amino acid position 903 and 2-nitro-5-thiocyanobenzoic acid cleavage at position 909 (in ␤K909C RNAP) (19) and (ii) 4-thioU cross-linking was retained in the ␤F906A mutant, showing that F906A does not alter hairpin-flap interaction (19) .
F906 is located in a short ␣ helix at the tip of RNAP's flap domain (1) . The flap is flexibly connected to RNAP, held open by lattice forces in a crystal structure, and thought to close over the exiting RNA in a TEC (1, 3, 22) , probably by contact of a hydrophobic patch on the flaptip helix to the clamp domain of RNAP (Fig. 2) . When we modeled the pause hairpin into a TEC structure (3), using the reported position of the Ϫ11 nt (the nt immediately 3Ј of the hairpin) and the loop contact to the flap-tip helix, the hairpin fit under the open flap domain (Fig. 2B ) (19) . Thus, unless the RNA exit channel closes in the TEC by either flap or clamp movement, the steric clash predicted by the rigid-body model would not occur. If the exit channel closes as expected, the hairpin could pull the RNA (including the Ϫ11 nt) through the channel and away from the active site, while retaining loop contact to the flap-tip helix. Alternatively, the hairpin could open the exit channel, potentially generating an allosteric signal.
To distinguish these possibilities, we tested three predictions of the rigid-body model: (i) hairpin formation should move the Ϫ11 nt, (ii) lengthening the 3-nt spacer between the hairpin and hybrid should reduce the hairpin's ability to pull RNA away from the active site and thus to stimulate pausing, and (iii) stabilizing the hairpin by lengthening its stem should increase its stimulation of pausing.
To map its contacts to RNAP, we substituted the Ϫ11 nt with 4-thioU (5-iodoU crosslinked poorly at Ϫ11). Separately, we substituted the 3Ј-terminal nt with 5-iodoU. We performed photocrosslinking in the paused TEC, or after hybridization of an antisense oligonucleotide that converts it to a rapidly elongating TEC (Fig. 3A) (6, 19) . As predicted by both models, 3Ј-nt contacts changed upon paused TEC formation (␤Ј:␤ ratio changed, Fig. 3A ), but no change was detected in the Ϫ11 nt position even when we mapped it to a 6 Å by 9 Å area where the mapped segments of ␤ and ␤Ј 1A) were halted at Ϫ9, Ϫ3, and the pause as described (17) . After irradiation at 308 nm, samples were denatured, subjected to SDS-PAGE, and visualized by phosphorimaging. Abbreviations for the amino acid residues are as follows: A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; and V, Val. cross-linking overlapped (Fig. 3 , B and C). This also is the previously reported Ϫ11-nt location (3), validating our modeling of the pause hairpin. If hairpin formation were to move Ϫ11 more than 1 nt, cross-linking to this small area would not be maintained (nt in single-stranded, extended RNA are separated by Ն7.5 Å) (Fig.  3C) , and even slight movement likely would alter the ␤Ј:␤ ratio (see Fig. 3A ). To determine the effects of spacer length, we varied it from 2 to 5 nt (Fig. 4A ). When the spacer was increased to 4 nt, hairpin-dependent pausing increased, directly contradicting the rigid-body model. Hairpins with 2-or 5-nt spacing supported pausing if NusA was present.
To examine the effects of lengthening the hairpin stem, we changed it from 5 to 8 bp (using the optimal 4-nt spacer). Hairpin-dependent pausing was lost without NusA, again contradicting the rigid-body model (Fig. 4A ).
Although hairpin shape and location are important for pausing, all the spacer and stem results are readily explained by specific hairpin interactions with RNAP and NusA. Together, these results and previous findings make a convincing case against the rigidbody model: (i) the pause hairpin cannot be imitated by antisense oligonucleotide pairing to nascent RNA (6); (ii) unraveling of the RNA: DNA hybrid, required if hairpin formation pulls RNA through the exit channel, does not occur in a paused TEC (23); (iii) the hairpin creates steric clash with RNAP, as required by the rigid-body model, only if the RNA exit channel closes in the TEC (Fig. 2 ), yet the hairpin fails to move the Ϫ11 nt, as it must if the exit channel remains closed (Fig. 3) ; and (iv) increasing the spacer length increases pausing (Fig. 4A) , whereas increasing the hairpin stemlength reduces pausing (24) (Fig. 4) , both opposite to the rigid-body model's predictions. We conclude that steric effects of a pause hairpin on RNA translocation through a rigid RNAP alone cannot explain hairpin-dependent pausing. The hairpin must cause some conformational change in RNAP, for which flap or clamp movement is the apparent trigger.
Because NusA enhancement of pausing requires the pause hairpin (8, 15) , made suboptimal pause signals work better (Fig. 4A) , and is modulated by the structure of the hairpin loop (8) (e.g., compare tetraloop to wild type in Fig.  4A ), we wondered if NusA also acts through interaction with the flap-tip helix, either directly or by contacting the hairpin loop. When NusA was added to paused TECs containing 5-iodoU-substituted hairpin loops, strong, retarded-gel mobility cross-linking to ␤F906 was replaced by weaker cross-linking to NusA (Fig.  4B, lanes 2 and 3) . Both the NusA and shifted-␤ cross-links disappeared when the hairpin was disrupted with an antisense oligonucleotide, and did not occur in nonpaused TECs at Ϫ9 (Fig. 4B, lanes 4 to 7) .
To determine whether the flap-tip helix was required for pausing and NusA action, we prepared and tested an RNAP lacking the helix [Figs. 1A and 2A, ␤⌬(900-909] (19, 21) . In the absence of NusA, the helix deletion reduced hairpin stimulation of pausing from ϳ10-fold to ϳ2-fold (Fig. 4A) . The helix deletion completely abolished NusA enhancement of pausing (Fig. 4A ) and NusA's ability to slow transcription elsewhere (19) . Thus, the flap-tip helix is required for regulation of pausing by NusA and for most of the pause hairpin's effect.
We propose that NusA stabilizes pause hairpin-flap interaction, which, by opening the RNA exit channel, may allosterically affect RNAP's active site. Interaction of the 3) . Cross-links were assigned between the cleavage site closest to the NH 2 -or COOHterminus that removed the radioactive label and the adjacent site at which cleavage yielded a radioactive fragment. (C) Location of the Ϫ11 nt (green) in paused and nonpaused TECs based on results in (B) (19) . Orange, region of ␤Ј cross-link. Blue, region of ␤ cross-link. Magenta, the 6 Å by 9 Å area in which the mapped regions of cross-linking to ␤ and ␤Ј overlap. The flap is removed (dark green outline) to reveal an extended, single-stranded RNA (red) in the exit channel. Fig. 4 . Effects of hairpin-spacing, stemlength, flap-tip helix, and NusA on pausing. (A) Pause half-lives (gray bars) were measured as described (7, 19) . The residual half-life with antisense oligonucleotide (blue) or 1 M KCl (red) reveals the hairpin's contribution to pausing (15) . Antisense oligonucleotides for the tetraloop and 8-bp stem pause sites were extended to include pairing to the hairpin loop. (B) TECs with 5-iodoU and 32 P in the hairpin loop (Fig. 1A) were halted at Ϫ9 or the pause, combined with antisense oligonucleotide or NusA as indicated, irradiated at 308 nm, subjected to SDS-PAGE, and phosphorimaged.
composite NusA-␤-subunit surface with RNA may stabilize RNA structures and explain NusA's ability to accelerate cotranscriptional folding of RNA (25) .
How might an allosteric signal generated by flap contact affect catalysis in the active site, which is 65 Å from the flap-tip helix? The flap domain connects to RNAP through a twostranded, antiparallel ␤ sheet (the connector). The connector runs along the active-site cleft to highly conserved amino acids in the active site (E813, D814, and K1065; Fig. 2 ). E813 and D814 may chelate the Mg 2ϩ ion bound to the substrate nucleoside triphosphate (NTP); K1065 contacts the ␣ phosphate of the 3Ј-terminal RNA nt; substitution of E813 or K1065 disrupts catalysis (26, 27) . Therefore, the pause hairpin may affect catalysis by moving the flap and, by way of the connector, critical residues in RNAP's active site. Alternatively, hairpin formation could open the activesite cleft by moving the clamp domain. Conversely, flap or clamp movement and possibly hairpin formation could be inhibited when NTPs bind efficiently (because bound NTP would constrain the position of E813/D814), and may be coupled to movements of parts of RNAP that form the active-site cleft and downstream DNA jaws (Fig. 2) (13) .
Definition of the flap-tip helix as an allosteric site on RNAP provides a new framework for understanding RNAP's regulation. also binds RNAP's flap (28) ; may open the RNA exit channel to thread RNA into the channel; release may allow the channel to close for efficient transcript elongation (13) . Like pause hairpins, terminator hairpins probably also open the RNA exit channel, rather than pull RNA out of RNAP, and then dissociate the TEC by invading the RNA:DNA hybrid, opening the active-site cleft, and triggering collapse of the transcription bubble (3, 6) . Finally, eukaryotic RNAPs also contain a flap domain, making the flap an attractive target for both prokaryotic and eukaryotic regulators of transcription. ) can be mechanically unfolded at equilibrium, and when kept at constant force within a critical force range, are bi-stable and hop between folded and unfolded states. We determine the force-dependent equilibrium constants for folding/unfolding these single RNA molecules and the positions of their transition states along the reaction coordinate.
RNA molecules must fold into specific threedimensional shapes to perform catalysis. However, bulk studies of folding are often frustrated by the presence of multiple species and multiple folding pathways, whereas single-molecule studies can follow folding/unfolding trajectories of individual molecules (1). Furthermore, in mechanically induced unfolding, the reaction can be followed along a well-defined coordinate, the molecular endto-end distance (x).
We studied three types of RNA molecules representing major structural units of large RNA assemblies. P5ab (Fig. 1A) is a simple RNA hairpin that typifies the basic unit of RNA structure, an A-form double helix. P5abc⌬A has an additional helix and thus a three-helix junction. Finally, P5abc is comparatively complex and contains an A-rich bulge, enabling P5abc to pack into a stable tertiary structure (a metal-ion core) in the presence of Mg 2ϩ ions (2-9).
The individual RNA molecules were attached to polystyrene beads by RNA/DNA hybrid "handles" (Fig. 1B) (10) . One bead was held in a force-measuring optical trap, and the other bead was linked to a piezo-electric actuator through a micropipette (11, 12) . When the handles alone were pulled, the force increased monotonically with extension ( Fig. 2A, red  line) , but when the handles with the P5ab RNA were pulled, the force-extension curve was interrupted at 14.5 pN by an ϳ18-nm plateau (black curve), consistent with complete unfolding of the hairpin. The force of 14.5 pN is similar to that required to unzip DNA helices (13, 14) . P5ab switched from the folded to the unfolded state, and vice-versa, in less than 10 ms and without intermediates. Forward and reverse curves nearly coincided, indicating thermal equilibrium. The variation of folding/unfolding force (SD 0.4 pN) reflects the stochastic nature of a thermally facilitated process. Indeed, a plot of the fraction unfolded versus force (Fig.  2B, dots) is fit well by the statistics of a two- 
Supplementary Material

Crosslinking of the Pause Hairpin to RNA Polymerase
To confirm the assignment of βF906 as the crosslinking target of 5-iodoU in the pause hairpin loop, we performed two types of experiments. First, we prepared paused TECs containing either wild-type or βK909C mutant RNAPs and a wild-type pause hairpin loop derivatized with 5-iodoU and [α-32 P]CMP, as depicted in Figure 1A of the report. We then mapped the 5-iodoU crosslink by cleaving the crosslinked β subunit either to completion with trypsin or partially with 2-nitro-5-thiocyanobenzoic-acid (NTCB), and separated the cleavage products on SDS polyacrylamide gels (8-16% gradient; Web Fig. 1A ). Trypsin cleavage was performed prior to disruption of the TEC, which results in cleavage within β only at R903 and K909 (1). As reported previously for wild-type (2), essentially all of the crosslinked RNA was attached to the fragment βK909C RNAP from R903 to the C-terminus (trypsin cleavage at K909 is blocked by the substitution in this mutant). NTCB cleaves at Cys residues, which are present at seven positions in wild-type β and eight in βK909C. Essentially all the label was attached C-terminal of C838 in both wild-type and mutant RNAPs, but was N-terminal of C909 in the mutant β subunit as evidenced by the absence of radioactivity on the C909-to-Cterminus fragment and the appearance (relative to wild-type) of a radioactively labeled N-terminusto-C909 fragment (Web Fig. 1A) . Thus, the combined results of trypsin and NTCB cleavage demonstrate unambiguously that 5-iodoU in the pause hairpin loop crosslinks to β904-908 (Cterminal of trypsin cleavage at 903 and N-terminal of NTCB cleavage of 909; Web Fig. 1C ).
Second, we showed by the same logic that 4-thioU placed at the same locations in the pause hairpin loop also mapped between NTCB cleavages at C838 and C909 (Web Fig. 2B ) and C-terminal of trypsin cleavage at R903. A minor fraction of the 4-thioU crosslinking appears to be N-terminal of R903 (note NH 2 --> R903 trypsin band in Fig. 1B) . This is not surprising because 4-thioU crosslinks to a wider variety of amino acid side chains than 5-iodoU. 4-thioU placed in the pause hairpin loop likely crosslinks to several amino-acids in the vicinity of F906, with a minor fraction being N-terminal of R903. Importantly, however, unlike the 5-iodoU crosslink to F906, the 4-thioU crosslinks are retained in paused TECs containing βF906A mutant RNAP (Web Fig. 1 D) . Some 4-thioU crosslinking to β´ also was detected (Web Fig. 1D ), but we did not map the β´ crosslink (the part of β´ likely to be nearest the hairpin loop is a Zn 2+ -binding domain that is not resolved in the crystal structure, 6). We conclude that the loss of crosslinking to β by 5-iodoU in the βF906A mutant RNAP was not caused by repositioning of the flap-tip helix relative to the pause hairpin loop because such a repositioning should also have affected the 4-thioU crosslink. Rather, 5-iodoU must fail to crosslink the βF906A mutant RNAP because βF906 is the target of 5-iodoU crosslinking.
Molecular Modeling
The coordinates of the tetraloop pause hairpin were assembled from coordinates of a cannonical Aform RNA stem and a C-UUCG-G tetraloop determined by NMR by Colemenjaro and Tinoco (3, PDB file 1C0O), which is essentially identical to the C-UUCG-G tetraloop crystal structure recently 1F7Y) . The hairpin was modeled into a TEC structural model (5, coordinates kindly supplied by S. Darst) that was based on the crystal structure of Thermus aquaticus RNAP (6, PDB 1DDQ). The hairpin was aligned with the TEC structure to create Fig. 2 in the report by positioning the tetraloop uridines close to βF906 when the -11 nt remained in the location reported by Korzheva et al. (5) . The locations of the NTP and second Mg 2+ ion were modeled by overlaying the primer DNA strand, substrate dNTP, and catalytic Mg 2+ ions from the crystal structure of an active ternary complex of the large fragment of Thermus aquaticus DNA polymerase I (7, PDB 3KTQ) with the RNA strand and single Mg 2+ ion in the Thermus aquaticus RNAP structure (5).
Crosslinking of the -11 nt to RNA Polymerase To map -11-nt crosslinks in RNA polymerase, we used the partial chemical cleavage strategy of Grachev et al. (8) . We prepared paused TECs as described previously (2), except that we incorporated 4-thioU at the -11 position rather than in the pause hairpin loop, using a mutant template that specified U at -11. We converted a portion of the paused TECs to rapidly elongating TECs by incubation with an antisense oligonucleotide that pairs to bases -33 to -15 relative to the pause RNA 3' end. After UV irradiation at 365 nm to allow crosslinking, we separated crosslinked β and βś ubunits in SDS 4% polyacrylamide gels, isolated the fragments, and performed partial CNBr digestion. The partially cleaved products were separated on a second SDS polyacryalmide gel (8 to 16% gradient) and compared to the products of control digestions of β or β´ that had been radioactively labeled at their C-or N-termini, respectively, via heart-muscle-kinase (HMK)-sequence tags and reaction with HMK and [γ-32 P]ATP (Web Figs. 2A and B) .
We normalized the rates of cleavage of the experimental samples to the intrinsic rate of CNBr cleavage of β or β´ by calculating the ratio of cleavage rates at corresponding positions in the experimental and control samples (the average ratios for positions with significant radioactivity in the experimental samples were arbitrarily set to 1 to adjust for small differences in the overall rates of cleavage in the experimental and control samples). Mapping protein crosslinking sites by normalizing cleavage rates in partial chemical cleavage ladders was first adopted by Korzheva et al. (5) . By correcting for the large differences in intrinsic cleavage rates at different amino acid residues, it clearly reveals the drop in radioactivity intensity upon removal of the crosslinked nucleic acid. In principal, it can reveal multiple crosslinks to a polypeptide as partial drops in cleavage intensity. In practice, apparent rates of cleavage at a given site in the experimental and control samples can vary up to two-fold, possibly because the electrophoretic mobility of some polypeptides is shifted by the crosslinked nucleic acid (Web Figs. 2A and B) . Thus, reliable assignment of multiple crosslinks requires that relative band intensity in the experimental versus control samples drop for multiple, sequential positions.
The position of the -11 nt was the same in the paused and nonpaused TECs. To locate it on the structure of RNAP, we compared segments to which the crosslink was mapped in the β and βś ubunits (β1243-1273 and β´238-298). The only overlap between these two segments in the crystal structure of RNAP (6) occurs where a flexible portion of β´ was unresolved in the structure (β´ 249-260). Assuming maximal flexibility for this 12 amino-acid loop, we determined that the possible locations of the -11 nt that could account for crosslinking to both β1243-1273 and β´238-298 were restricted to a 6 x 9 Å area corresponding to β1250-1260 (Fig. 3 in the report) . We also mapped the -11 nt by Cys-specific partial cleavage (with NTCB) to β(838-1342) and β´(198-366). Paused and nonpaused TECs yielded identical cleavage patterns, in agreement with our conclusion that the -11 nt does not move from the β1250-1260 region upon paused TEC formation.
Effect of flap-tip helix on pausing and NusA regulation of transcription.
To assess the contribution of the flap-tip helix to pausing and to NusA regulation of transcription, we prepared halted TECs containing wild-type or βΔ(900-9009) RNAP from synthetic oligonucleotides using the procedure of Siderenkov et al. (Web Fig. 3A; 10) . Wild-type and β-mutant TECs were assembled using complementary oligos (nontemplate strand: CTATAGGATACTTACAGCCATCGAGAAACACCTGACTAGTCTTTCAGGCGATGTGTGCTGGAAGACATTCAGATCTTCC; (10) . 100 nM template strand and RNA (UUUUUACAGCCAUC) were annealed in 20 mM Tris-HCl, pH 7.9, 20 mM NaCl, 0.1 mM EDTA, and then incubated with 100 nM RNAP in the same buffer plus 5% glycerol, 5 mM MgCl 2 , 0.1 mM DTT, 50 μg BSA/ml for 10 min at 22 °C. After incubation at 37 °C with nontemplate DNA (250 nM) for 10 min and then with 2.5 μM each ATP and GTP and 1 μM [α-32 P]CTP for 10 min to form C24 TECs, NTPs were adjusted to 10 μM GTP, 150 μM each ATP, UTP, and CTP, and pausing was assayed with or without NusA as described previously (Web Fig. 3B; 11) . The flap-tip-helix deletion reduced the pause half-life two-fold in the absence of NusA (Web Fig. 3 ), but reduced hairpin stimulation of pausing from 10-fold to 2-fold (Fig. 4A in the report) . NusA stimulated pause half-life about 3-fold for the wild-type TECs, but had no effect on the βΔ(900-909) TECs. Further, NusA slowed arrival of wild-type TECs at the pause site by 5-10 s by slowing http://www.sciencemag.org.ezproxy.library.wisc.edu/content/292/5517/730/suppl/DC1 nucleotide addition at the sites between C24 and the pause, but had no effect on the time required for βΔ(900-909) TECs to transcribe from C24 to the pause. Thus, all NusA's effects on transcription and pausing were eliminated by deletion of the flap-tip helix. Other pause half-lives reported in Fig.  4 of the report were determined similarly or by forming initialed halted TECs on double-stranded templates containing a T7 A1 promoter (9) and then assaying chain elongation as described here. Normalized CNBr cleavage of -11-nt-crosslinked β´ and β, respectively. Cleavage of 32 P-endlabeled β´ or β was used to normalize cleavage of subunits crosslinked in paused (black) and nonpaused (with oligo, white) TECs. Significant drops in the normalized intensity (e.g., between β 298-237 and β1243-1273, colored bars) reveal the crosslink positions (5).
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